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We propose a reversible mechanism for switching Heisenberg-type exchange interactions between
deposited transition metal adatoms from ferromagnetic to antiferromagnetic. Using first-principles
calculations, we show that this mechanism can be realized for cobalt atoms on the surface of black
phosphorus by making use of electrically-controlled orbital repopulation, as recently demonstrated
by scanning probe techniques [Nat. Commun. 9, 3904 (2018)]. We find that field-induced re-
population not only affects the spin state, but also causes considerable modification of exchange
interaction between adatoms, including its sign. Our model analysis demonstrates that variable
adatom-substrate hybridization is a key factor responsible for this modification. We perform quan-
tum simulations of inelastic tunneling characteristics and discuss possible ways to verify the proposed
mechanism experimentally.
I. INTRODUCTION
Controllable manipulation of interactions between
magnetic atoms is one of the primary goals in spin-
tronics. For instance, it can be achieved using high-
frequency electromagnetic field [1–3], which opens the
possibility for switching of magnetic interactions in
collinear magnets [4] or in more complex spin textures
like skyrmions [5, 6]. Ultracold atoms in optical lattices
provide another possibility for engineering the exchange
interactions in magnetic systems [7, 8]. Despite vast per-
spective, practical application of these methods is lim-
ited. Alternative way is offered by scanning tunneling
microscopy (STM) techniques allowing for selective ma-
nipulation of magnetic interactions at the level of indi-
vidual atoms deposited on surfaces [9–12]. Progress in
this field is especially promising for applications, as it
paves the way to create logic nanodevices [13], magnetic
storage [14], sensors [15], and other elements required for
further miniaturization of computing units.
At the same time, experimental approaches to manip-
ulate magnetic interactions by an STM tip are rather
limited. For instance, substrate-mediated interaction
of the Ruderman-Kittel-Kasuya-Yoshida (RKKY) type
between magnetic adatoms on metallic surfaces can be
tuned by tailoring the interatomic distance with the STM
tip, as it was demonstrated, for instance, for magnetic
adatoms on Cu(111) [11] and Pt(111) [10, 16] surfaces.
As a result, one can switch between ferromagnetic (FM),
zero, and weak antiferromagnetic (AFM) Heisenberg ex-
change interactions at various distances, as it is schemat-
ically shown in Fig. 1(a). On the other hand, the inter-
actions between adatoms on insulating surfaces originate
from superexchange, being typically of AFM-type [9, 17],
and decaying very fast as interatomic distance increases.
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FIG. 1. Two scenario realizing controllable switching of mag-
netic interactions between adatoms on a surface. (a) Conven-
tional distance-dependent RKKY mechanism based on the
control of magnetic coupling by means of adatom relocation.
(b) Switching mechanism that is proposed in this work, based
on the selective spin state modification of adatoms using STM
tip.
In this work, we propose another mechanism for
switching of magnetic interactions that does not require
relocation of adatoms. Our idea is based on field-assisted
orbital repopulation of adatoms by means of STM tip,
leading to a modification of adatom spin state. Recently,
such a possibility was experimentally demonstrated in
Ref. 18 for a system of individual cobalt (Co) adatoms de-
posited on black phosphorus (BP) surface. It was shown
that orbital population of the d-shell and, consequently,
magnetic moment of individual Co atoms can be effec-
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2tively manipulated by applying a bias voltage between
STM tip and the surface. As we will show below, sim-
ilar manipulations with a Co dimer can results in the
reversible switching of magnetic interactions from FM to
AFM, as it is sketched in Fig. 1(b).
Our interest to BP substrate is not only triggered by its
practical relevance in virtue of attractive semiconducting
properties, thickness-dependent band gap [19], high car-
rier mobility [20, 21], and intrinsic p-doping [22]. Being
a highly anisotropic electron system, BP hosts unusual
properties of fundamental importance, related mainly to
dielectric screening and optical response [23–25]. Recent
numerical simulations revealed that RKKY interaction
between magnetic impurities on doped monolayer BP
(phosphorene) is highly anisotropic, and largely deter-
mined by the orientation of impurities [26, 27]. Similar
conclusion has been made explicitly for Co/BP system,
previously analyzed from first principles in the presence
of doping [28] and mechanical strain [29]. Despite exist-
ing interest to the Co/BP system, no attention has been
paid so far to the problem of interaction engineering.
The rest of the paper is organized as follows. Sec. II
presents the results of first-principles calculations of ex-
change interactions between for two cobalt atoms on BP.
In Sec. III, we present an effective model, which quali-
tatively describes the mechanism of FM-AFM switching
upon changing of the spin states of adatoms. In Sec. IV,
we discuss possible ways for experimental detection of
the switching observed. Sec. V concludes the paper.
II. FIRST-PRINCIPLES CALCULATIONS
A. Method and computational details
The main focus of our study is to obtain isotropic ex-
change interactions between cobalt adatoms deposited on
monolayer BP. To this end, we consider the Heisenberg
Hamiltonian in the following form:
Hˆ12 = J12Sˆ1Sˆ2, (1)
where spins of each cobalt atoms are represented by op-
erators Sˆ1 and Sˆ2, which can be different depending on
the orbital configuration of cobalt atom [18], resulting in
either high-spin or low-spin state. J12 is the exchange
interaction parameter, which we determine from first-
principles calculations. To this end, we consider the ener-
gies of collinear FM and AFM spin configurations, yield-
ing J12 = (EFM − EAFM)/2S1S2, where spin S of each
atom takes the values S = 1/2 or S = 1 for the low-
and high-spin state, respectively. In Eq. (1), we do not
consider anisotropic terms. As it was shown in Ref. 18,
the magnetic anisotropy energy in cobalt on BP is weak,
with magnitude of ∼0.1 meV. On this basis we also ex-
pect that the inter-site anisotropic interactions (such as
Dzyaloshinskii-Moriya interaction) are also weak in com-
parison with the isotropic exchange interaction providing
the main contribution to the magnetic energy of the sys-
tem in question.
To calculate the energies of collinear magnetic con-
figurations, we use density functional theory (DFT)
electronic structure calculations performed within the
generalized gradient approximation in the parametriza-
tion of Perdew-Burke-Ernzerhof (GGA-PBE) [30]. We
employ the projected augmented wave method [31] as
implemented in Vienna ab-initio simulation package
(vasp) [32, 33].
In the calculations, we set the plane-wave energy cutoff
to 300 eV and the energy convergence criteria to 10−6 eV,
which was checked to be sufficient to achieve numerical
convergence of exchange interactions. The surface was
modelled in the slab geometry by a single BP layer using
experimental structure [34] with the lattice constants a =
3.313 A˚ and b = 4.374 A˚. In order to avoid spurious inter-
actions between the cobalt atoms at large distances, the
following supercells were used: 5a × 8b (160 atoms) and
8a × 4b (128 atoms) for the cobalt dimer oriented along
the armchair and zigzag crystallographic directions, re-
spectively. The corresponding Brillouin zone was sam-
pled by Γ-centered (4×3) and (3×4) k-point meshes, re-
spectively. A vacuum space of 18 A˚ was introduced be-
tween the unit cell images in the direction normal to the
surface. The position of cobalt atoms was optimized in
each case considered until the residual force were less
than 0.005 eV/A˚.
To simulate low- and high-spin states of cobalt
adatoms, we consider on-site Coulomb repulsion in the
d-shell, which is known as one of the key factors govern-
ing the orbital configuration of adsorbed transition metal
atoms [18, 35, 36]. Specifically, we apply the Hubbard-
U correction at the mean-field level using a simplified
rotatonally invariant version [37] of the DFT+U [38]
scheme. In these calculations, an effective interaction
U˜ = U − JH is assumed (JH is the Hund’s rule cou-
pling), playing the role of a phenomenological parame-
ter related to the Coulomb repulsion. Previously, it was
found that the variation of U˜ parameter in the range 0 –
3 eV stabilizes the low-spin state of cobalt on BP, while
higher values of U˜ makes the high-spin state more favor-
able [18]. For this reason, here we use U˜ = 0 eV and 4
eV to simulate low- and high-spin states, respectively.
In what follows, we consider two inequivalent orienta-
tions of the cobalt dimer on BP, which correspond to
the zigzag (X) and armchair (Y ) directions. In each
case, we choose the hollow position of cobalt adatoms,
which is the most energetically favorable adsorption site
for both spin states considered [18]. The calculations are
then performed for various interatomic distances, includ-
ing optimization of the adatom positions.
B. Short-range interactions
We first consider short-range interaction between clos-
est cobalt adatoms on BP. Table I gives the resulting
3TABLE I. Summary of first-principles calculations obtained
in this work for nearest-neighbor cobalt atoms on BP. The
combination of different spin states is denoted as high-high
(HH), high-low (HL), and low-low (LL).
Configuration HH HL LL
Exchange interaction (meV) 13.3 4.8 -51.2
Co-Co distance R (A˚) 4.34 4.47 4.37
Co-BP distance d (A˚) 1.37 1.34/1.00 1.01
Total magnetic moment (µB) 4.20 3.00 2.00
Adatoms moments (µB) 1.91 1.91/0.55 0.81
magnetic moments and isotropic exchange interactions
for three different combinations of spin states, namely,
high-high (HH), high-low (HL), and low-low (LL). For
the low-spin configuration, the total magnetic moment
per unit cell containing two cobalt atoms is equal to 2 µB ,
which means that the spin state of cobalt atom can be
associated with spin S = 1/2 (1 µB). The deviation
of single adatom moment (0.81 µB) from the 1 µB can
be attributed to hybridization of cobalt and phosphorus
states. This indicates that the magnetic moment is not
entirely localized on cobalt, but is spread out over neigh-
boring phosphorus atoms. On the other hand, the total
magnetic moment on adatoms in the high-spin state is
slightly higher than for two spins S = 1, yet individual
adatom moments are very close to 2 µB . In agreement
with previous studies [18], the high-spin state is charac-
terized by a larger adatom-substrate distance d compared
to the low-spin state (see Table I). This suggests different
hybridization strength for the two states, which can lead
to the realization of diverse exchange interaction mecha-
nisms between adatoms in different spin states. To assess
the relative hybridization strength, we estimate a corre-
lation function 〈DCo()DP ()〉, which quantifies the over-
lap of non-spin-polarized density of states (DOS) DCo()
and DP () projected onto cobalt and phosphorus states,
respectively. Specifically, we define 〈...〉 = 1〈D〉
∫ EF
−∞(...)d
with 〈D〉 being the average density of occupied states.
For single cobalt adatom, we obtain 6.7 and 5.0 using the
structure of low-spin and high-spin configuration, respec-
tively. This indicates that the low-spin state of cobalt
atom is more hybridized with the substrate.
The magnetic interactions in the pair of cobalt atoms
deposited along the armchair direction is indeed very sen-
sitive to the adatom spin state. From Table I, one can see
that FM and AFM coupling is realized for LL and HH
configurations, respectively. Furthermore, for a mixed
spin combination (HL), we observe a considerably weaker
interaction between the adatoms.
On the other hand, such behavior is not observed
for atoms in the nearest-neighbor zigzag positions – for
all three spin configurations J12 is ferromagnetic. This
can be related to the following factors: (i) Along the
zigzag direction, cobalt adatoms are placed much closer
FIG. 2. (Top) Schematic crystal structure of phosphorene
with cobalt atoms on top. Small and big spheres correspond
to phosphorus and cobalt atoms, respectively. Black sphere
denotes a reference cobalt atom, whereas blue and red spheres
correspond to different positions of the second cobalt atom
forming a dimer along the zigzag (X) and armchair (Y ) di-
rection, respectively. (Bottom) Calculated exchange inter-
actions J12 between cobalt adatoms shown as a function of
interatomic distance for different spin states of the adatom:
HH, HL, and LL. White and gray background show AFM and
FM coupling, respectively.
to each other, enhancing the FM direct exchange cou-
pling [39, 40]; (ii) The Co-P-Co angle for zigzag HH and
LL configurations equals to 74.5◦ and 96.1◦, whereas for
armchair it is 114.2◦ and 129.5◦, respectively. Accord-
ing to the Goodenogh-Kanamori rules [41, 42], metal-
ligand-metal bond angle plays a crucial role in the su-
perexchange coupling. While AFM exchange is favored
in case of a 180◦ bond, the exchange tends to FM if a
90◦ bond is realized. The latter is consistent with the
FM interaction observed for zigzag alignment of cobalt
adatoms. (iii) Finally, black phosphorus substrate, being
4a strongly anisotropic system, is expected to provide an
indirect contribution to the exchange depending on the
direction of adatom alignment [26, 27].
In order to check the robustness of the obtained re-
sults with respect to the Hubbard U parameter, we cal-
culate exchange interactions for the case of armchair di-
rection using U˜ = 1 eV and 5 eV for low- and high-
spin states, respectively, which correspond to a smaller
dielectric screening. We find that it leads to a reduc-
tion of exchange interaction J12 from 13.3 eV to 12.3
eV for HH and from −51.2 eV to −28.0 eV for LL spin
configuration. This can be explained by a stronger elec-
tronic localization induced by larger Coulomb interaction
U˜ . Nevertheless, the sign of the interaction remains un-
changed with respect to a small variation of U˜ , meaning
that the spin state of a cobalt atom plays the decisive
role in determining the magnetic interaction.
The complexity of the electronic structure prevents us
from providing an immediate microscopic interpretation
of the observed behavior. To address this problem, in
Sec. III, we construct an effective model, which reveals
that hybridization effects play a key role in the forma-
tion of magnetic coupling, making either FM of AFM
alignment favorable in the cobalt dimer.
C. Long-range interactions
Having discussed the alternative character of short-
range interactions realized between cobalt adatoms on
phosphorene, we now analyze their long-range behavior.
The main results are shown in Fig. 2, whereas detailed
information about the magnetic moments and exchange
couplings is summarized in Appendix A.
The observed behavior is essentially different for dif-
ferent adatom orientations. While the exchange inter-
actions J12 exhibit similar behavior for different spin
states along the zigzag direction, the interaction between
adatoms oriented along the armchair direction depends
strongly on the spin state. In the former case (zigzag),
the interactions are reminiscent of oscillations, rapidly
decaying with distance. Similar behavior was reported
for other low-dimensional magnetic systems on insulat-
ing substrates [17]. In the armchair case, some variations
of J12 can be still seen for LL and HL spin configurations,
but they almost disappear in the HH case, displaying slow
and virtually monotonic decay of AFM J12 as a function
of distance.
Previous numerical studies [26, 27] revealed that in
case of charge-doped phosphorene, magnetic impuri-
ties can interact via Ruderman-Kittel-Kasuya-Yoshida
(RKKY) mechanism [43–45], demonstrating oscilla-
tion of exchange couplings in the form J12(R) ∼
sin(2kFR)/(2kFR)
2, where kF is the Fermi wave vec-
tor. Moreover, periodicity and amplitude of such os-
cillations depend on the alignment of adatoms (zigzag
or armchair), which results from the electronic structure
anisotropy of black phosphorus substrate. In our cal-
culations we also observe such anisotropy on the level
of magnetic interactions. However, RKKY mechanism
cannot be directly applied to the present case because
we consider undoped phosphorene, implying the absence
of the Fermi surface. On the other hand, it is known
that in semiconductors with a bandgap, another indi-
rect mechanism of magnetic coupling is realized, namely
the Bloembergen-Rowland (BR) interaction [46]. Con-
trary to the RKKY mechanism, the BR interactions de-
cay exponentially [47, 48]. We conclude, therefore, that
the interactions between cobalt adatoms on BP are of
more complex origin, involving a combination of superex-
change and indirect mechanisms.
III. MODEL ANALYSIS
In the previous section, we have demonstrated the
possibility to modify the sign of exchange interactions
between cobalt adatoms by means of orbital repopula-
tion. In this section, we construct an effective model,
which qualitatively describes the mechanism of FM-AFM
switching between the nearest adatoms.
For this purpose, we consider a model of two impurities
in the presence of substrate states. The model is inspired
by Ref. 49, where interaction between two magnetic im-
purities were examined including the bath of free electron
states. Here, we explicitly include BP states in the model,
which is schematically shown in Fig. 3(a). Each impu-
rity is represented by one half-filled orbital, hybridizing
with nearest phosphorus atoms, whereas BP is described
within a conventional tight-binding model [50]. It is as-
sumed that the effect of orbital repopulation of cobalt
atoms is only captured by the effect of adatom-substrate
hybridization. The Hamiltonian of such a model takes
following form:
Hˆ = Hˆp + Hˆd + Hˆpd, (2)
where Hˆp is the Hamiltonian of pristine BP monolayer
Hˆp =
∑
σ,i 6=j
t
||
ij cˆ
†
iσ cˆjσ + ε0
∑
σ,i
cˆ†iσ cˆiσ, (3)
defined in terms of the hopping integrals t
||
ij taken from
Ref. 50. Here, the parameter ε0 ensures that the center
of a band gap corresponds to zero energy. Phosphorene
was modelled in real space with periodic boundary condi-
tions. For this purpose, we used a supercell containing 48
atoms (4a×3b), which ensures the absence of interactions
between cobalt adatoms in neighboring cells.
In Eq. (2), Hˆd is the impurity Hamiltonian, which has
the form
Hˆd =
∑
σ
(E0 − σ∆)(dˆ†1σdˆ1σ + dˆ†2σdˆ2σ)+
+t
∑
σ
(dˆ†1σdˆ2σ + dˆ
†
2σdˆ1σ).
(4)
5FIG. 3. (a) Model of two impurities deposited on the mono-
layer of BP surface. Interaction with the substrate is con-
trolled by a hybridization parameter V , while direct interac-
tion is realized via t hopping term. (b) Schematic represen-
tation of the band structure of the system in question. Pa-
rameter ∆ controls spin splitting, while E0 stands for a shift
of impurity bands relative to pristine phosphorene states. Di-
rect hopping parameter leads to energy difference 2t between
states, belonging two different impurities. The hybridization
term Vh introduces finite bandwidth of impurity levels and
modifies phosphorene band structure.
The first term here describes the energy E0 of impurity
states relative to the center of a band gap, while ∆ is the
spin splitting, playing the role of an on-site interaction
in the mean-field approximation, leading to an additional
spin-dependent contribution to the energy. Without the
loss of generality, we assume that the starting spin align-
ment is FM, i.e. spin-up states are occupied, whereas
spin-down states are empty. The second term in Eq. (4)
describes an overlap between the impurity orbitals, quan-
tified by the direct hopping t.
The interaction of impurity orbitals with the substrate
is described through the hybridization parameter Vh:
Hˆpd = Vh
∑
σ,i,j
(dˆ†1σ cˆiσ + cˆ
†
iσdˆ1σ + dˆ
†
2σ cˆjσ + cˆ
†
jσdˆ2σ), (5)
where the second sum runs over three neighboring phos-
phorus atoms, as it is shown in Fig. 3(a). In the equations
above, cˆ†iσ, cˆiσ and dˆ
†
iσ, dˆiσ are creation and annihilation
operators for phosphorus and impurities electrons with
spin σ = ± 12 , respectively. In what follows, we also use
the notation for spin projections 12 ≡↑ and − 12 ≡↓. We
note that here we deal with an effective model, meaning
that a direct mapping of the first-principles results onto
the effective model is not straightforward. The corre-
sponding model parameters should be considered as em-
pirical.
The band structure of our model is schematically
shown in Fig. 3(b). In the absence of impurity-substrate
hybridization (Vh = 0), impurity states are represented
by four energy levels. An energy gap between the oc-
cupied and unoccupied levels is controlled by the spin
splitting ∆, whereas a small energy difference between
each pair of levels (2t) originates from the direct hopping
term in Eq. (4). The energy of impurity states relative
FIG. 4. Phase diagram obtained from the effective two-
impurity model [Eq. (2)] for three different hopping parame-
ters t. The spin splitting is set to ∆ = 1 eV in all calculations.
to the phosphorus bands structure is given by an offset
energy E0. The inclusion of hybridization leads to a fi-
nite bandwidth of impurity levels, and slightly modifies
the band structure of phosphorene.
Having determined the Hamiltonian, we can estimate
the exchange interaction between the impurity states. To
this end, we make use of the magnetic force theorem [51]:
J12 = − 1
2piS2
∫ EF
−∞
d=(∆G↓12()∆G↑21()), (6)
where EF is the Fermi energy chosen to keep constant
the number of electrons, and S = 1/2 is the spin of im-
purity orbitals. The one-particle Green’s function Gσ12()
between impurity states defined as
Gσ12() =
1
Nk
∑
k,m
em1σ(k)e
m
2σ(k)
− Emσ (k)
. (7)
In this equation emiσ(k) stands for the i-th component
of the m-th eigenvector, and Emσ (k) is the correspond-
ing eigenvalue of Hamiltonian [Eq. (2)]. The summation
runs over Nk points of the Brillouin zone, chosen to be
sufficient to reach numerical convergence of exchange in-
tegrals within 0.1 meV. To reduce the number of free pa-
rameters, the spin splitting was fixed to ∆ = 1 eV, which
only influences the absolute value of exchange coupling
J12, not its sign. The other parameters, i.e., E0, t and
Vh were varied during the calculations.
The calculated phase diagram in the coordinates E0
vs. Vh for three different hopping parameters t is shown
in Fig. 4. In the absence of hybridization (or if Vh  t),
Eq. (6) gives an ordinary AFM superexchange coupling
J12 = 4t
2/∆. Introduction of hybridization V modifies
the exchange interaction and, depending on the orbital
energy E0, can stabilize the FM state. If the direct hop-
ping term t is further increases, the AFM interaction be-
comes dominant again, suppressing the FM state, as can
be seen from the phase diagram. We note, however, that
a more complex substrate-mediated AFM mechanism is
realized in the regime Vh ∼ t.
6Let us now make a comparative analysis of our results
obtained from the effective model and DFT calculations
presented in Table I. Our model demonstrates that the
interaction between cobalt adatoms is controlled by the
direct hopping as well as by the hybridization with the
substrate. Depending on their relative magnitude, both
FM and AFM coupling can be realized, as it is shown in
Fig. 4.
The distance between cobalt adatoms in HH and LL
states is very close to each other, meaning that the effec-
tive hopping parameters t is similar in both cases. On the
contrary, adatoms in the low-spin state are significantly
closer to the substrate (1.01 A˚) compared to adatoms
in the high-spin state (1.37 A˚). It is natural to assume
that a smaller adatom-substrate distance corresponds to
a stronger hybridization, i.e. to a larger parameter Vh,
which also was justified by our DOS analysis in Sec II B.
At the same time, given that FM coupling becomes more
favorable for larger Vh, FM interaction between adatoms
in the low-spin state can be attributed to an enhanced
hybridization with the substrate. On the other hand,
the lack of hybridization in the high-spin state of cobalt
adatoms, favors AFM coupling governed by the conven-
tional superexchange mechanism.
The interaction between adatoms in different states
(HL case) has obviously a competing FM and AFM char-
acter, resulting in a quantitative reduction of the ex-
change interactions, as it one can see from Table I. There-
fore, our effective model provides a qualitative explana-
tion of the exchange interaction switching mechanism ob-
served in the armchair direction.
IV. DISCUSSION
We now discuss the possibility of experimental verifi-
cation of the predicted exchange interaction switching.
An indirect manifestation of the interaction sign can be
already identified from non-spin-polarized STM topog-
raphy spectra, reflecting peculiarities of charge density
distribution around individual atoms. Fig. 5 depicts
DFT charge density averaged over valence states for a
pair of cobalt atoms in different spin states. The differ-
ence between various combinations of spin states can be
clearly seen. While the low-spin state is characterized by
a strongly localized charge density, it appears to be es-
sentially different for the high-spin state, demonstrating
a more diffusive character. Apart from varying degree
of localization, the shape of charge densities correspond-
ing to different spin states is also different. The obtained
charge density of the HH and LL configurations is similar
to that of single Co atoms in the high-spin and low-spin
states, reported in Ref. 18. In contrast, the charge den-
sity of the HL configuration is notably different from the
HH and LL cases.
Another experimental approach for probing magnetic
interactions is inelastic electron tunnel spectroscopy
(IETS) [53–55]. In addition to the integrated charac-
FIG. 5. Charge density distribution of cobalt dimer on BP
calculated at the edge of the phosphorus valence band shown
for the distance 1.6 A˚ above the substrate. Different panels
correspond to different spin configurations of cobalt atoms:
high-high (HH), high-low (HL), and low-low (LL). The atomic
configuration corresponds to the closest position of adatoms
oriented along the armchair direction. Visualisation is made
by vesta software [52].
teristics (Fig. 5), which can be measured by conventional
STM techniques, IETS can directly resolve the strength
of magnetic interaction between surface adatoms. The
bias voltage assists in tunnelling electrons through the
adatom to a conducting surface. Consequently, whenever
a new conduction channel opens with increasing bias volt-
age, a step in the conductance spectrum appears [56, 57].
The magnitude of bias voltage required for opening a
additional conducting channel is constituting the corre-
sponding magnetic interaction in the system.
From the theory side, inelastic contribution into
the tunnelling current can be written in the following
form [56, 58]:
I(V ) =
∑
M,M ′
a,s=±
PM | 〈M |Sˆa|M ′〉 |2 eV − s∆
1− e−sβ(eV−s∆) , (8)
where ∆ = M ′ − M is the difference between the en-
ergies of magnetic states |M〉 and |M ′〉 defined in terms
of the quantum Heisenberg model [Eq. (1)]. Parame-
ters β and V are the inverse temperature and bias volt-
age, respectively. PM is the occupation number of the
state |M〉, which takes 1 for the ground and 0 for excited
states. Sˆa =
∑
i η(i)Sˆ
i
a is the a-component (a = x, y, z)
7FIG. 6. (a) Differential conductance calculated for cobalt
atoms, placed at nearest neighbour hollow positions along
armchair direction. Here we use parameters of exchange in-
teraction given in Table I. In the simulations, temperature
was fixed as T = 1 K. (b) Energy levels for dimer system at
LL, HL and HH spin states. The transitions between them
are denoted by green arrows, contributing to the resulting
differential conductance.
of the total spin operator, involving i atoms with spin Sˆia
and weight η(i). For simplicity, we consider the situation
when STM tip is placed above one of cobalt atoms in the
dimer, i.e. Sˆa = Sˆa. In Eq. (8), the matrix elements
| 〈M |Sˆa|M ′〉 |2 have nonzero values as conditioned by the
spin selection rule for total spin ∆S = 0,±1 and its pro-
jection ∆Sz = 0,±1 [9, 58, 59]. Details on the quantum
energy spectrum for a dimer in different spin states is
given in Appendix B.
The calculated tunneling spectra obtained for the most
interested case of closest cobalt adatoms oriented along
the armchair direction are shown in Fig. 6. The most
simple case is realized for the LL spin configuration with
FM coupling (J < 0). In this situation, the ground state
is represented by a degenerate triplet state with the en-
ergy J124 . The singlet state is separated by an energy
gap, whose magnitude is equal to the exchange interac-
tion J12. As soon as bias voltage reaches the value of
J12, a step appears in the dI/dV spectrum [Fig. 6(a)],
manifesting itself a triplet-singlet transition.
For HL spin configuration, total spin of the system
can be either S = 1/2 or 3/2, according to the momen-
tum sum rules: |S1 − S2| ≤ S ≤ S1 + S2. The ground
state of AFM-coupled (J > 0) HL dimer is thus given
by a doubly degenerate state S = 1/2 with the energy
E = −J12. This state is separated from quadruplet ex-
cited states (S = 3/2) by an energy gap 32J12. The tran-
sition between the states takes place only if the selection
rule ∆Sz = 0,±1 is satisfied. The allowed transitions are
shown in Fig. 6(b). Next, in case of AFM-coupled HH
spin state there are three multiplets: the ground state
with total spin S = 0 and two excited states (S = 1
and 2). The corresponding energies read −2J12 (singlet),
−J12 (triplet), and J12 (quintuplet). The allowed transi-
tions correspond to singlet-triplet excitations, occurring
at the bias voltage J12, which can be seen from Fig. 6(a).
Transitions to the highest excited state is suppressed by
the selection rule ∆S = 0,±1, leading to zero matrix el-
ement in Eq. (8). Therefore, one can see that three dif-
ferent spin states of cobalt dimer on BP exhibit distinct
conductance spectra, and can be resolved experimentally.
Finally, it is worth mentioning that IETS measure-
ments require a conductive substrate. In case of BP, we
do not expect considerable technical issues because BP
is known to be intrinsically p-doped, allowing for tun-
neling conductance [22]. Alternatively, the substrate can
be heavily doped by alkali metals, as it is done, e.g.,
in Ref. 25. These manipulations might lead to additional
RKKY-like contribution to the exchange arising from the
coupling of adatom spins with conduction electrons of the
substrate. However, considering an essentially long-range
character of indirect interactions, we do not expect that
they considerably affect the short-range switching behav-
ior predicted in our work. Particularly, the conductance
spectra restored in Fig. 6 should be reliable for the ex-
perimentally required regimes.
V. CONCLUSION
We have reported on a prospective mechanism for mag-
netic interaction control between adatoms by means of
field-assisted repopulation of orbital states. By consider-
ing the example of cobalt adatoms deposited on phospho-
rene, we have theoretically demonstrated that an FM-
AFM reversible switching of exchange interactions be-
tween adatoms can be realized upon changing the bias
voltage. Our model analysis reveals that hybridization
with the substrate, being dependent on the spin state,
plays a key role in the switching of magnetic interactions.
Simulations of STM spectra performed on the basis of
quantum Heisenberg model suggests that the predicted
effect can be observed experimentally. Our prediction
is not limited to Co/BP system, but can be generalized
to other transition metal atoms deposited on insulating
substrates.
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8TABLE II. Summary of exchange interactions J12 (in meV),
and total magnetic moments M (in µB) calculated for dif-
ferent distances (in A˚) between cobalt adatoms deposited on
phosphorene along the armchair and zigzag directions. The
combination of different spin states is denoted as high-high
(HH), high-low (HL), and low-low (LL).
armchair zigzag
R J12 M R J12 M
1
HH 4.34 13.3 4.20 2.82 -6.1 4.20
HL 4.47 4.8 3.00 3.25 -25.3 2.32
LL 4.37 -51.2 2.00 3.22 -145.5 2.00
2
HH 5.33 11.4 4.65 5.01 1.0 4.85
HL 5.44 6.5 3.00 5.03 -2.6 2.95
LL 5.53 4.5 2.00 5.05 5.4 2.00
3
HH 8.75 9.3 4.80 6.63 2.0 4.98
HL 8.65 10.8 3.00 6.64 1.5 3.00
LL 8.75 -3.3 2.00 6.63 -20.9 2.00
4
HH 9.59 6.4 5.00 8.31 0.6 5.00
HL 9.70 1.6 3.10 8.33 0.5 3.05
LL 9.80 2.2 2.00 8.32 -4.1 2.00
5
HH 13.12 2.9 5.00 9.94 -0.3 5.00
HL 13.02 3.7 3.20 9.95 0.2 3.10
LL 13.12 9.4 2.00 9.94 -3.4 2.00
Appendix A: Exchange interactions from first
principles
In Table II, we present a summary of our first-
principles data on exchange interactions J12 between two
cobalt atoms in different spin states calculated along
the armchair and zigzag directions, as well as the cor-
responding total magnetic moments M and optimized
interatomic distances R.
Appendix B: Quantum spectrum of a spin dimer
Table III presents energy spectrum of the quantum
Heisenberg Hamiltonian [Eq.(1)] with the corresponding
eigenvectors for the following combinations of two spins:
(i) S1 =
1
2 , S2 =
1
2 (LL); (ii) S1 = 1, S2 =
1
2 (HL); and
(iii) S1 = 1, S2 = 1 (HH).
TABLE III. Energy spectrum of the quantum Heisenberg
Hamiltonian [Eq. (1)] with the corresponding eigenstates ob-
tained for three different combinations of spins S = 1/2 and 1.
The following notation for spin projections is used: |↑〉 = 1/2,
|↓〉 = −1/2, and |⇑〉 = 1, |∅〉 = 0, |⇓〉 = −1 for spins S = 1/2
and 1, respectively.
LL
− 3
4
J12
1√
2
(|↑↓〉 − |↓↑〉)
1
4
J12 |↑↑〉, 1√2 (|↑↓〉+ |↓↑〉), |↓↓〉
HL
−J12 − 2√6 |⇓↑〉+ 1√3 |∅ ↓〉, − 1√3 |∅ ↑〉+ 2√6 |⇑↓〉
1
2
J12 |⇓↓〉, − 1√3 |⇓↑〉 − 2√6 |∅ ↓〉, − 2√6 |∅ ↑〉 − 1√3 |⇑↓〉, |⇑↑〉
HH
−2J12 1√3 (|⇓⇑〉 − |∅∅〉+ |⇑⇓〉)
−J12 1√2 (|∅ ⇓〉 − |⇓ ∅〉), 1√2 (|⇑⇓〉 − |⇓⇑〉), 1√2 (|⇑ ∅〉 − |∅ ⇑〉)
J12
|⇓⇓〉, 1√
2
(|⇓ ∅〉+ |∅ ⇓〉), 1√
6
(|⇓⇑〉+ 2 |∅∅〉+ |⇑⇓〉),
1√
2
|∅ ⇑〉+ |⇑ ∅〉, |⇑⇑〉
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